Introduction
Members of the California serogroup within the family Bunyaviridae are transmitted by mosquitoes and are found world-wide. The first recognized case of human encephalitis caused by one of these viruses occurred in California in 1943 (Hammon & Reeves, 1952) . In 1964, La Crosse (LAC) virus was isolated from the brain of a 4-year-old girl who had died of encephalitis (Thompson et al., 1965) . Since then, there have been 30 to 174 cases of California encephalitis in the U.S.A. reported annually to the Center for Disease Control in Atlanta, Georgia. Of the 160 serologically presumptive or confirmed human arboviral infections reported in 1983, 109 (68%) were due to California viruses. Thus, members of the California serogroup are now recognized as the most common causes of mosquito-borne encephalitis in North America (Kappus et al., 1983) . LAC virus is probably responsible for the majority of these cases in children (Lindsey et al., 1976) . However, Jamestown Canyon virus has emerged as a significant cause of encephalitis and meningitis in adults .
Various serological tests have been used to show the interrelationships among members of the California serogroup and to classify these viruses within the family Bunyaviridae (Calisher, 1983) . However, each of these 0000-9174 © 1990 SGM tests probably detects different antigenic determinants of the viruses. This has been substantiated by the finding of monoclonal antibodies (MAbs) to the G 1 glycoprotein of LAC virus that neutralize but do not inhibit haemagglutination and vice versa. Antibodies have also been identified that bind to the G 1 glycoprotein but do not inhibit haemagglutination and do not neutralize the virus (Gonzalez-Scarano et al., 1982; Grady et al., 1983 ; Najjar et al., 1985) . In addition, since antiviral sera were used in many of these studies, it is not possible to determine which sites are involved in cross-reactions, where these sites are located in the virions, or which ones are involved in neutralization of the virus.
LAC virus has been chosen as a model to study the mechanism of virus neutralization and to determine which sites on G 1 are cross-reactive with other California viruses. Although this virus has an envelope containing two different glycoproteins (G1 and G2) (Obijeski et al., 1976) , evidence so far indicates that G 1 is the only glycoprotein involved in neutralization of the virus by specific antibodies . MAbs to G1 have been prepared and shown by competition binding assays to be specific for eight antigenic regions on the glycoprotein .
Reported here are experiments designed to examine the reactivity of each of the MAbs in an enzyme immunosorbent assay which incorporated each subtype of the California serogroup (California encephalitis complex only). Because the G1 glycoprotein of LAC virus elicits and reacts with neutralizing antibodies, the anti-G 1 MAbs were useful in determining the epitopes that might be involved in cross-reactions in neutralization assays.
Methods
Viruses. The following subtypes of the California serogroup at the indicated mouse brain passage levels were obtained from Dr R. E. Shope, Yale Arbovirus Research Unit, Yale University, New Haven, Conn., U.S.A. : San Angelo, passage 17; Inkoo, 5; Keystone, 8; Serra do Navio, 3; snowshoe hare, 16; trivittatus, 5; Melao, 9; California encephalitis BFS-283, 14; Tahyna, strain Bardos, 12; Jamestown Canyon, 4. These are considered to be the prototype strains. Upon receipt, the lyophilized virus stocks were rehydrated and passaged once in 2-day-old mice. Subsequently, each virus was passed two to four times in baby hamster kidney (BHK) cells at low input multiplicities until high titre virus stocks were obtained (1 × 109 to 2 x 109 p.f.u./ml). Virus was grown and titrated in BHK cells and purified by centrifugation in sucrose velocity and density gradients as previously described for LAC virus .
Four different LAC virus stocks were used for these studies. Uncloned LAC was obtained from Dr R. E. Shope and passaged and purified as above. This was the prototype virus originally isolated by Dr W. H. Thompson (Thompson et al., 1965) and had been passed six times in suckling mouse brain. The cloned LAC virus used in these studies was also the isolate reported by Thompson et al. (1965) , but was obtained from Dr L. A. Thomas, Rocky Mountain Laboratory, Hamilton, Mont., U.S.A. Upon receipt as a mouse brain suspension at passage level 8, it was passaged in 2-day-old mice and plaque-purified three times. Unless specified otherwise, LAC referred to herein is the cloned stock. Two New York isolates were obtained from Dr L. J. Gl:ady of the New York State Department of Health, Albany, N.Y., U.S.A. These two viruses (isolates 74-32813 and 76-33795 designated here as 74NY LAC and 76NY LAC, respectively) were isolated from mosquitoes and cloned by Dr M. A. Grayson, also of the New York State Department of Health (Grady et al., 1983) .
Antibodies. MAbs were produced to the G1 glycoprotein of the cloned isolate of LAC virus and used to map eight antigenic regions on G 1. The hybridoma cell lines were grown as ascites tumours in mice and each antibody was purified and concentrated as previously described . Antisera to LAC virus were obtained by injecting young adult rabbits with purified virus grown in BHK cells. After the animals had been bled to obtain normal serum samples, they were each injected with 2 ml of purified virus (109 p.f.u, total) intramuscularly at days 0, 8, 43 and 84. Hyperimmune sera obtained at day 95 were used for experiments described here. Normal and hyperimmune sera were heatinactivated at 56 °C for 30 min prior to use in neutralization assays.
Ascitic fluid preparations of polyclonal anti-Gl and anti-LAC antibodies were also prepared in BALB/c mice as described by Qureshi & Trent (1973) . Each mouse was immunized by intraperitoneal injection of 104 p.f.u, of LAC virus or G1 protein cut from SDSpolyacrylamide gels .
Neutralization kinetics. The appropriate virus was diluted in phosphate-buffered saline with 0-2% bovine serum albumin (PBS-BSA) to give 1 x 107 p.f.u./ml. All dilutions of purified monoclonal or polyclonal antibodies were made in PBS BSA. Equal volumes of diluted virus and antibody were equilibrated separately at 37 °C for 10 min and then mixed at time zero. Samples of 40 ~tl were taken at appropriate time intervals and diluted 1:100 into ice-cold PBS-BSA. Samples for the zero time points and 60 min heat inactivation controls were taken from virus mixed with normal ascitic fluid or normal rabbit serum. Less than 10% of the virus in the control samples was inactivated in 60 min under these conditions. Diluted samples were maintained at 1 to 4 °C until use and then further diluted as necessary for determination of infectivity by plaque assay .
Serological assays. The procedures used for the enzyme immunosorbent assay (EIA), the 50% plaque reduction assay and the haemagglutination assay were those previously reported for LAC virus .
Results

Epitopes on California serogroup viruses that can be detected with MAbs to G1 of LAC
Eight antigenic regions (A to H) were previously mapped on the G1 glycoprotein of LAC virus with 23 anti-G1 MAbs . To detect cross-reactive sites, each of the MAbs was assayed in an EIA with nine California serogroup viruses representing all subtypes within the California encephalitis complex. These included California encephalitis (CE) (prototype of the serogroup), San Angelo (SA), Inkoo (INK), Tahyna (TAH), Melao (MEL), Jamestown Canyon (JC), Keystone (KEY), Serra do Navio (SDN) and trivittatus (TVT) viruses. Two other California serogroup viruses, Lumbo and South River, were not used in this study because they are considered varieties of Tahyna and Jamestown Canyon viruses, respectively (Calisher, 1983) . Snowshoe hare virus (SSH), the variety of LAC, was also included.
When only the cross-reaction patterns were considered, at least 12 distinct groups of antibodies were apparent. One antibody to region A (6-6B4) exhibited the same pattern of cross-reactivity as did the two antibodies to region E and two antibodies to region H (1-4D8 and 6-4D8 only) (see Table 1 ). Likewise, antibodies to regions C and F (3-2G2 and 3-1A7 only), also gave identical patterns. However, if in addition to the patterns of crossreactivity, the grouping based on the competition binding assay is considered (regions A to H), there are at least 15 distinct groups of antibodies.
As expected, each virus subtype exhibited a different pattern of cross-reactivity. The number of epitopes exhibiting some degree of cross-reactivity between LAC and any other member of the California serogroup ranged from one for MEL to eight each for SSH, SA and JC. The reactions were divided into those which were negative, those weakly positive at a fourfold dilution 1-6C3 800000 100
3 200 000 8000 -4000 .
I" Epitope designations within each antigenic region are based on the reactions of LAC MAbs in an EIA with the other viruses of the California serogroup (see text).
++ Serotype grouping of subtypes of the California serogroup (Calisher, 1983) . § Ascitic fluid preparations of each LAC anti-G 1 MAb were diluted serially and assayed with all subtypes of the California serogroup in an EIA. Comparative reciprocal titres are given for all positive reactions that were greater than fourfold over background.
11 Reaction of antibody was negative at the lowest dilution that could be used without binding non-specifically to the virus (ranged from 1 : 20 to 1 : 100). ¶ Positive reaction: antibodies positive only at a fourfold dilution over background.
over background, and those strongly positive at dilutions greater than fourfold over background (see Table 1 ). With the exception of antibody 6-5B14 (epitope g4), the antibodies reacted less strongly with the other viruses than they did with LAC. Even titres on SSH virus were at least twofold lower than on LAC. However, antibody 6-5B14 gave a titre of 1:200 on LAC as well as SA, TAH and JC. This epitope is probably the only one detected in these assays that remains unaltered among the California serogroup viruses. The only epitope commonly shared by all the viruses was gl. However, the endpoint titres of the antibodies to gl varied from 1:100 for SDN to 1:16000 for LAC. Antibodies to epitopes cl and f2 appeared to be specific for LAC virus only. All the MAbs used for these studies, however, were produced in response to G1 from the cloned stock of LAC virus. To determine how conserved these epitopes are on various isolates of LAC virus, the anti-G1 MAbs were assayed in an EIA with LAC (the cloned stock used as antigen to make the MAbs), uncloned LAC and two New York LAC isolates (74NY LAC and 76NY LAC). When tested in an EIA, all of the MAbs reacted strongly with uncloned LAC except 3-1A7 and 3-2G2 specific for epitope rE. These antibodies reacted weakly with uncloned LAC virus as indicated by titres of 1 : 1000 each. In the same EIA with LAC antibodies 3-1A7 and 3-2G2 had titres of 1:3200000 and 1:1600000, respectively.
When the antibodies were assayed with LAC and the two New York isolates, the titres were either the same or higher with both isolates except for antibodies to epitopes fl and t"2 and one antibody specific for an epitope within the B antigenic region (see Table 2 ). Of the three antibodies that bind to antigenic region B on LAC, only two of them reacted equally well with the New York isolates. Antibody 6-4C5, however, gave a titre of 1:256 on LAC and titres of 1:16 and 1:4 on 74NY LAC and 76NY LAC, respectively. This indi- * Reciprocal titres are given only for antibodies that exhibited greater than fourfold differences with LAC compared to one or both of the New York isolates (except antibodies 1-6A11 and 1-6A2 which are given for comparison with antibody 6-4C5). Purified MAbs starting at a protein concentration of 400 ~tg/ml were used in the assay.
cates that there may, in fact, be two epitopes within the B antigenic region (bl and b2).
Antibody 1-4D14 (epitope f~) and antibodies 3-2G2 and 3-1A7 (epitope f2) reacted minimally (1:2 or 1:4) with the New York isolates compared with LAC (1:8192, 1:4096 and 1:16384, respectively). These results indicate that of all the epitopes detected on G1, epitopes b~, fl and f2 are the ones that have mutated in the various LAC isolates.
Three antibodies gave higher titres with the New York isolates than with homologous virus (antibodies to epitopes c~, dl and hl). This was not observed when the antibodies were assayed on uncloned LAC. In all three cases infectious LAC virus had been used as the immunizing antigen (see Table 2 ).
Antibodies to the f2 epitope gave a weak positive reaction with uncloned LAC and, thus, might not be expected to react with the corresponding area of other California viruses, including the New York isolates. However, there was no difference in the reaction of antibody 1-4D11 to epitope cl on any of the LAC viruses. This indicates that c~ is more likely to be a LAC-specific epitope. It is possible that, because antibody I-4D11 has a titre of only 1:50000 on LAC, cross-reactions with other viruses could be missed because of low affinity. However, antibodies with even lower titres (1-6A11, 1-6A2, 6-4C5, 1-2C3, 1-4B5 and 6-5B14) showed crossreactions with the other viruses.
Neutralization of California serogroup viruses with LAC anti-G1 MAbs
Antibodies to all of the antigenic regions except C and H result in different degrees of neutralization of LAC virus. Antibodies to epitopes within regions A, F and G give the highest neutralization titres in a 50 ~ endpoint assay, while antibodies to the al and g2 epitopes neutralize virus to the greatest extent (103-to 103"5-fold; Kingsford, 1984) . Thus, considering the number of cross-reactive sites on the various subtypes which are recognized by these neutralizing antibodies, the question arises as to why there is not a greater degree of antigenic relatedness observed among them based on the results of kinetics of neutralization assays. Fig. 1 shows the results of kinetic reactions when polyclonal anti-LAC antiserum was mixed with LAC, SSH, JC, SA or TVT virus. The SSH, JC and SA viruses were the three with the most cross-reactive epitopes (eight each) but there was only one positive and one weakly positive cross-reactive epitope on TVT. Yet there is little difference in the curves of the neutralization reactions for the four viruses when compared with LAC virus. Even SSH virus was neutralized less than 100-fold in 60 min compared with LAC which was neutralized 104-fold in 20 min.
The areas most conserved among the viruses relative to LAC are the al, d2, gl, g2 and h2 epitopes. However, when only the strongly positive reactions are considered, it is primarily antibodies to gl and, to a lesser extent, those to epitopes dl, d2 and g4 which exhibit crossreactions with many of the California viruses. Thus, although the epitopes involved in the greatest degree of neutralization (al and g2) were detected on several of the viruses, the EIA titres were very low indicating minimal cross-reaction. Because the titres for several of these epitopes were the highest on JC (excluding the variant SSH) and because LAC and JC viruses are the two most commonly isolated California viruses in the U.S.A., the reactions of the MAbs with JC virus were examined in more detail. The EIA with the MAbs indicated that eight of the 15 epitopes (a~, h2 and those in regions D and G) (Kingsford, 1984) . were involved in cross-reactivity on the G1 glycoprotein of JC virus (Table 1) . When the MAbs to these epitopes were tested in a haemagglutination inhibition assay, they all caused some degree of inhibition with LAC virus, except the antibody to epitope hz. In contrast, when assayed with JC virus, the only antibodies which significantly inhibited haemagglutination were those specific for epitopes dl (antibody 5-10B7) and de (antibody 3-10B1). Titres for antibody 5-10B7 were 1:20 and 1:80 for JC and LAC, respectively. Titres for antibody 3-10B1 were 1 : 20480 and greater than 1 : 40960 for JC and LAC, respectively.
When the antibodies were used in a 50~ plaque reduction assay with JC virus, only those specific for epitopes aa, dl and dE had neutralization titres 1:8 or greater (I :8, 1:64 and 1:1024, respectively). All other antibodies had titres of 1 : 2 or 1 : 4 (antibody to epitope h 2 was negative). However, when compared with the neutralization titres exhibited with LAC virus, only antibodies binding to epitopes dl and d 2 had significant neutralization titres. Thus, they may be the only two antibodies that have great enough affinity for the virus to bind and neutralize or inhibit haemagglutination.
Neutralization of California serogroup viruses with pairs of MAbs that enhance neutralization of LAC virus
In previous studies, no single MAb neutralized LAC virus more than 1000-fold in 60 min (Kingsford, 1984) . In fact, many of the neutralization kinetic curves were very similar to the kinetic curves for anti-LAC polyclonal antibody mixed with SSH, SA, TVT or JC viruses (Fig.  1) . When all combinations of MAbs specific for the antigenic regions were reacted with LAC, certain pairs were found to enhance neutralization of LAC virus, and other pairs of antibodies gave degrees of neutralization equal to or less than that observed for either antibody alone (Kingsford, 1984) . The pairs of antibodies found to enhance neutralization of LAC are those indicated in Table 3 . In general, an antibody to epitope g2 (or g3) when mixed with any other neutralizing antibody (except antibodies specific for gl and g4)enhanced the L. Kingsford and K. H. Boucquey (0) were used alone at a concentration of 80 gg/ml or together at 40 p.g/ml each (ll). (b) Neutralization of SA virus by a pair of MAbs made to the G 1 glycoprotein of LAC virus. Antibodies 1-6C3 (0) and 3-10B1 (C)) were used alone at 80 gg/ml or in combination at 40 ~tg/ml each (IS]). neutralization of LAC virus. Two other antibodies which enhanced neutralization when used together were those to epitopes fl and bl (1-4D14 and 1-6A11). On examining the data presented in Table 1 , several of the corresponding pairs of cross-reactive epitopes for these antibodies could be found on other California viruses (see Table 3 ). Of these epitope pairs 13 were collectively present on the G1 glycoproteins of SSH, SA, INK, TAH and JC viruses. (These include epitopes detected in the EIA and thus they may or may not be closely related to the epitopes on LAC G1.)
To determine whether any of the antibody pairs (1-6C3 plus 3-10B1, 6-4B5, 6-1A6 or 1-4D14) would enhance neutralization of the appropriate virus (Table  3) , they were examined in a kinetics of neutralization assay. Each purified antibody was used alone at a final concentration of 80 gg/ml. This was the concentration needed to give maximum neutralization of LAC virus (at 5 × 106 p.f.u./ml). In combination, each antibody of the pair was used at a concentration of 40 gg/ml. The results for antibodies 1-6C3 and 3-10B1 mixed with LAC are shown in Fig. 2(a) . This is representative of the enhanced neutralization previously reported for LAC virus (Kingsford, 1984) . When the same antibodies were mixed with SSH, enhancement of neutralization also occurred. With this virus and antibody, we found, as we did for LAC, that when the synergistic antibodies were used together, much less total antibody protein was needed to achieve the same or greater degree of neutralization as seen for either antibody alone.
The only non-LAC virus that exhibited any degree of enhancing effect with a pair of MAbs was SSH with the antibodies 1-6C3 and 3-10B1. An example of the degree of neutralization occurring for the antibody pairs with the other viruses is shown in Fig. 2(b) . When used in combination, the synergistic pairs of antibodies did not neutralize the individual viruses (SA, INK, TAH and JC) any more than the single antibodies. Even when a total antibody concentration of 200 pg/ml was used, enhancement of neutralization did not occur.
Discussion
Eight antigenic regions had previously been topographically mapped on the G 1 glycoprotein of LAC virus based on the results of a two-way competition binding assay with a panel of 23 MAbs. Each of the eight regions, initially referred to as an epitope , was later redefined as an antigenic region when some overlapping epitopes were detected within them (Kingsford & Ishizawa, 1984) . These overlapping epitopes could be differentiated by looking for the presence or absence of them on serologically related viruses. When the MAbs were assayed on SSH and nine other subtypes of California serogroup viruses, 15 epitopes were evident. Five of the previously defined antigenic regions (A, D, F, G and H) contained overlapping epitopes within them. In addition, when the MAbs were assayed with the two New York isolates, it was apparent that two overlapping epitopes were present within the B antigenic region, instead of one. This suggests that at least 16 individual determinants or epitopes are recognized by specific antibodies that bind within larger antigenic regions that in themselves are very close and possibly may overlap. These results are similar to those reported by Najjar et al. (1985) who found that epitopes on the LAC G1 glycoprotein could be separated into five distinct clusters which are interrelated and may be part of a single immunodominant antigenic site. Thus, the surface of the G1 molecule contains a complex array of overlapping antigenic determinants as has also been observed for other proteins such as BSA, lysozyme c, etc. (Benjamin et al., 1984 and references therein) .
As well as helping further to map and to define antibody-reactive sites on the G1 glycoprotein, the results of the EIA provided additional information about the antigenic relatedness of members of the California serogroup. The regions most conserved among the viruses are A (al only), D, G and H (h 2 only). Epitope gt was found on every virus and is therefore a groupspecific epitope. That is, the amino acid sequence making up the epitope (whether conformational or sequential) is similar enough on all California viruses to react still with the antibody made to the LAC epitope. Epitope c~, on the other hand, was detected in these assays on the LAC virus G1 glycoprotein only and is possibly subtype-specific.
When the MAbs were used to determine any differences among isolates of LAC viruses, it was apparent that strain variation does occur and that it is primarily in the F antigenic region. When compared with the uncloned reference strain, LAC (cloned) is a variant in the f~ epitope and both New York isolates are variants in the f2 epitope. Because the antibodies used were made to cloned LAC which has mutated in fi, it was not possible to determine whether f2 has also changed on the New York isolates. Grady et aL (1983) previously reported that antigenic differences did occur in various isolates of LAC virus and that they had a MAb that bound to prototype LAC but did not bind to the New York isolates. In the experiments reported here, we have identified sites on G1 where differences in the LAC isolates occur. There appears to be one major area where antigenic variation occurs (F antigenic region) and possibly a second site within the B antigenic region.
As expected, SSH seemed to be the only other California virus that is closely related to LAC virus. What is evident, however, is that major changes have occurred in certain areas of the G1 glycoprotein and these include the epitopes bl, b2, Cl, dl, t"1 (possibly f2), g3 and g4. So although SSH is considered a variety of LAC, the G1 glycoprotein has undergone major antigenic changes.
Two viruses, CE and JC, exhibited patterns of crossreactivity somewhat different from other members of their respective type (California encephalitis for CE and Melao for JC). For example, JC has cross-reactive epitopes al, g2, g3 and g4 which none of the other members of the Melao type have. Present classification of the California encephalitis complex within the serogroup is based on the results of several different serological assays with polyclonal antisera which probably detect antigenic determinants on different viral proteins and lack the sensitivity and specificity of MAbs. The work presented here, which focuses only on G1, indicates that some reclassification may be in order. Additional comparisons with MAbs to other viral proteins as well as comparisons of nucleic acid sequences need to be done to classify these viruses definitively.
Experiments were also done to learn more about the neutralization of California serogroup viruses with the LAC anti-G1 MAbs. Previously it was shown that no single MAb neutralized LAC virus to the same extent that polyclonal antibody did (Kingsford, 1984) . This was also the case when the MAbs were used with the other California viruses. But, in addition, we found that in many cases an antibody that bound to a California virus in an EIA did not result in neutralization. As was shown for JC virus, only the antibodies with the highest EIA titres gave detectable levels of neutralization.
One explanation for why the California viruses are not neutralized to a greater degree with the LAC MAbs is that changes in the epitopes have occurred such that antibodies have a very low affinity for them. This may be due to electrostatic or conformational changes in the glycoprotein as a result of amino acid sequence changes. Thus, antibody may bind (as detected in the EIA) but may not result in neutralization.
But even so, thisdoes not completely expl~tin Why greater degrees of neutralization did not occur when LAC MAbs or polyclonal sera were mixed with the other California serogroup viruses. A second factor involved may be that antibody either does not bind or only binds at a low level to critical sites on the glycoprotein. As previously shown with LAC, certain pairs of antibodies are needed to bind to the virus to result in neutralization levels equal to that observed with polyvalent antisera (Kingsford, 1984) . When the LAC MAbs were assayed with the other California viruses, antibodies did bind to several of these pairs of epitopes. However, the key epitopes for LAC seem to be g2 and fz-For all of the California viruses where the antibodies did bind to these epitopes, none gave titres greater than 1:4 over background. In neutralization kinetic assays, none of the California viruses were neutralized by antibody 1-6C3 (epitope g2) or antibody 1-4D 14 (epitope fl) greater than 1 log and, in most cases, they were neutralized less than 50~o. In addition, the level of antibody binding to the second epitope in the pair was also low in many cases.
We have previously proposed that conformational changes occur as a result of antibody binding. Indirect support for conformational changes comes from work of ours Kingsford, 1984) and others (Lubeck & Gerhard, 1982; Emini et al., 1983 ) that indicates antibody binding to one site allosterically changes the glycoprotein so that a second antibody binding site becomes more available. More antibody could then bind to the virus which might lead to an increase in biological activity such as neutralization (Kingsford, 1984) . Thus, an explanation for why the antibody pairs did not enhance neutralization of the California viruses is that the affinity of antibody for the binding site may be so low that the interaction of the antibody and binding site is not sufficient to induce a conformational change needed for neutralization. Alternatively, if one antibody does bind and induce a conformational change, this may not lead to increased antibody binding at the second site because of the low affinity of the second antibody. Thus, without increased antibody binding, there would be no increase in the neutralization of the virus.
Parenthetically, the two epitopes that seem to be the most conserved in the California viruses, gl and g4, are ones that are minimally involved in neutralization. Antibodies to these epitopes give only minimal neutralization (less than 1 log) with LAC virus and are not involved in enhanced neutralization. Thus, in an evolutionary sense, the epitopes least involved in neutralization are the ones that have undergone the least change. On the other hand, epitopes involved in enhanced neutralization (such as g2) seem to have undergone a great deal of change.
